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In practice, however, it is often difficult to selectively activate a single muscle. Results are also complicated by the possibility that reflex arcs may cause the activation of muscles other than those directly stimulated, leading to inaccurately high cross-talk estimates (40) . Furthermore, it is not clear whether the results of electrical stimulation studies may be extended to voluntary contractions, due to the synchronous activation of motor units during electrical stimulation and the activation of different motor unit populations during voluntary and electrically elicited contractions.
Several authors have suggested that surface EMG cross talk can be detected during voluntary contraction by examining the cross-correlation of surface EMG signals detected above different muscles (29, 32, 45, 46) . Specifically, it has been proposed that the square (R xy 2 ) of the maximum value (R xy ) of the normalized cross-correlation function (R xy ) may be used to identify the common component between two signals, yielding a measure of EMG cross talk (45) . While such a technique offers a potentially valuable means of quantifying cross talk, without necessitating the selective activation of single muscles, this method has been presented without any quantitative evaluation. Estimates of surface EMG cross talk based on cross-correlation values are substantially lower than values measured above similar muscles during electrical stimulation or selective voluntary activa-tion (12, 27, 45) . These differences have been attributed to variations in the techniques employed (45) ; however, it is well known that the action potential waveform changes as it propagates through different volumes of tissue due to spatial filtering of the propagating action potential. It is, therefore, not clear that the cross-correlation coefficient can provide a reliable indicator of EMG cross talk (12) . It is also possible that a high correlation between surface EMG signals recorded above adjacent muscles could reflect a correlation in motor unit discharge patterns, rather than a common electrical source. Two distinct examples of correlated motor unit firing patterns that have been identified are common drive and shortterm motor unit synchronization. Common drive is the term used to describe simultaneous fluctuations in the mean firing rates of different motor units (9, 11) , whereas short-term synchronization refers to an increased tendency of motor units to fire within a few milliseconds of one another (36, 37) . Recent studies have provided evidence for the existence of both common drive and motor unit synchronization between synergist muscle pairs acting about the same joint (4, 9, 33) . Despite these concerns, the cross-correlation coefficient remains a commonly employed method of estimating surface EMG cross talk and is often used as a means of distinguishing between cross talk and coactivation of neighboring muscles (1, 6, 18, 41) .
In this paper, the relationship between cross talk and the cross-correlation of surface EMG signals is examined by using model simulation. The model enables selective stimulation of different regions of muscle under conditions in which the inputs to the system, including the locations of the active motor units, are known. The model is based on a finite-element model of surface EMG in an idealized cylindrical limb (30) . The aim of the study is to estimate surface EMG cross talk during voluntary and electrically stimulated contractions and to explore whether the cross-correlation function provides a reliable estimate of cross talk. The effect of both common drive and motor unit synchronization on the cross-correlation of surface EMG signals is also examined. The complexity of the problem is compounded by the inhomogeneous nature of the volume conductor due to differences in the electrical properties of muscle, fat, and skin tissue. Cross talk and cross-correlation are, therefore, examined for different subcutaneous fat thicknesses.
METHODS

EMG Model
EMG signals were simulated by using a finite-element model of an idealized cylindrical limb composed of bone, muscle, fat, and skin tissue, described in Ref. 30 . Finiteelement analysis is a numerical technique, which enables the electric field to be solved within inhomogeneous and nonsymmetric geometries. Fat and skin tissues have previously been incorporated into surface EMG models with the use of analytic methods (21, 24, 34) . A bone of 10-mm radius was placed at the center of the volume conductor, surrounded by cylindrically anisotropic muscle of 40-mm radius and a layer of fat tissue. Three thicknesses of subcutaneous fat were simulated, 3, 9, and 18 mm. The fat tissue was surrounded by a layer of skin, 1.3 mm thick (39) . Pairs of bipolar electrodes were positioned radially around the skin surface at intervals of 7.5° (Fig. 1A) . The electrodes were simulated as point electrodes and arranged in bipolar pairs, 20 mm apart, orientated along the direction of the muscle fiber.
The surface of the volume conductor was covered in a uniform, high-resolution rectangular mesh. The conducting volume was then divided into sets of linear tetrahedral elements. Elements of a very small size were used to mesh the areas surrounding the regions of interest to facilitate a high level of accuracy where required, whereas a coarser resolution was used elsewhere in the model. Unique material properties were defined for each element set, corresponding to different tissues within the model. The electric potential at the vertices of the elements was calculated by using the finite-element method, assuming that the volume conductor was infinite in length. The finite-element model was meshed and solved by using the EMAS software package (Ansoft, Pittsburgh, PA).
Single-fiber action potential. The transmembrane current density was represented by a series of 150 current sources obtained by discretizing the second derivative of the transmembrane voltage, described analytically by Rosenfalck (35) . The current source was located symmetrically between the two ends of the model and orientated parallel to the skin surface. Action potential startup and end effects were incorporated by means of current compensation at the fiber end plate and terminations, which ensured that the sum of the total current along the fiber was always equal to zero (24) . To implement these effects, a weighting function was calculated for each fiber and electrode location, which represented the impulse response of the model for a fiber of infinite length (13). The compensation currents were then applied by multiplying the integral of the current along the fiber by the weighting function at the fiber termination, at extinction of the action potential, and at the fiber end plate at the action potential generation, and subtracting the resultant potential from that due to the propagating action potential. This was repeated for action potentials propagating in both directions away from the fiber end plate. The implementation of the end effects in this manner is similar to that described by Duchene and Hogrel (16) .
Two muscle fiber lengths were simulated, a fiber length of 300 mm, corresponding to the biceps brachii (47) , and a shorter fiber length of 100 mm. It was assumed that all fibers ran the entire length of the muscle, parallel to one another. The muscle fiber end plates were randomly distributed throughout a region 5 mm wide, located at the center of the fiber length. The fiber terminations were similarly distributed throughout a 5-mm-wide region at either end of the muscle. In the case of the 300-mm fibers, the bipolar electrodes were placed 80 and 60 mm from the center of the end-plate zone, whereas, for the 100-mm-long fibers, the electrodes were placed 15 and 35 mm from the center of the end-plate zone, halfway between the end-plate zone and the tendon. Examples of surface action potentials detected at different electrodes for a fiber located 5 mm below the surface of the muscle with a 9-mm-thick fat layer are presented in Fig. 2 . Data are shown for 300-and 100-mm fibers with monopolar and bipolar electrode configurations. Extracellular potentials were calculated for muscle fibers located at 15 depths below the surface of the muscle ( Table  1 ). The potential on the skin surface at increments of 2.5°f rom the vertical axis was calculated for each muscle fiber. Due to the symmetry of the volume conductor, this yielded a series of action potentials representing surface potentials generated by fibers located at each depth, at multiples of 2.5°f rom the vertical axis, yielding a total of 2,160 action potentials (15 depths ϫ 360/2.5 angular positions). A database of surface potentials was generated for each model. Details of the model parameters are given in Table 1 , and further details of the finite-element model may be found in Ref. 30 .
Motor unit distribution. Each muscle contained 350 motor units randomly distributed throughout an area of 30-mm radius centered on the intersection of the muscle and fat tissue. Two separate muscles were defined. The first muscle, denoted muscle A, was located directly below electrode 1 (Fig.  1A) . A second muscle of equal size and shape, denoted muscle B, was located adjacent to muscle A (Fig. 1B) . The simulated muscle fiber, which lay closest to each randomly located motor unit, was identified, and it was assumed that all fibers in the motor unit were located at this cross-sectional location. Motor unit action potentials were then generated by summing together a series of single-fiber action potentials. The fibers in each motor unit were identical, except in the location of the end plates and terminations, which introduced a temporal dispersion between the single-fiber action potentials in each motor unit action potential.
The properties of the motor unit pool were assumed to be the same for both muscles. The mean number of muscle fibers innervated by a single motoneuron has been reported to be in excess of 410 in the brachioradialis muscle (22) and 750 in the biceps brachii (5) . Although the distribution of the innervation ratio is not yet well established in human muscles, it appears that many units produce a small force, whereas Fig. 2 . Simulated surface action potentials generated by a muscle fiber 5 mm below the muscle-fat interface, with a fat thickness of 9 mm. A: action potentials from a 100-mm-long muscle fiber are presented for a monopolar electrode located 15 mm from the center of the end-plate zone and for bipolar electrodes 15 and 35 mm from the endplate zone. B: action potentials are also presented for a 300-mm-long muscle fiber. Note the change of amplitude scale for bipolar recordings detected further from the fiber.
relatively few produce a large force, predominantly due to variations in the number of fibers per unit (20) . The number of muscle fibers in each motor unit was, therefore, simulated to increase exponentially from 428 to 700, such that the mean number of fibers per motor unit was 516 and the muscle contained a total of 190,150 fibers. All fibers were simulated with a diameter of 50 m (5), and muscle fiber conduction velocity was uniformly distributed between 3.5 and 4.5 m/s, with the lowest conduction velocity assigned to the smallest motor unit (2, 19) .
Simulated voluntary EMG.
Mean motor unit firing rates ranged linearly with a constant step size from 15 to 25 Hz. The motor unit interpulse intervals (IPIs) were generated to have a Gaussian distribution about the mean IPI (7) ( Table  1 ). The coefficient of variation (ratio of the standard deviation to the mean) of the IPIs ranged from 0.12 to 0.13, which lies within the range of values reported for the biceps brachii of 0.11-0.14 (15) . Trains of motor unit action potentials were generated in this manner to represent the successive firing of each unit within the muscle. The motor unit action potential trains were then summed to yield the surface EMG signal at each electrode. EMG signals were simulated at a sampling rate of 2 kHz.
Surface EMG signals were first examined for a single active muscle, muscle A, and then when adjacent muscles A and B were simultaneously active (Fig. 1B) . Equal numbers of motor units were activated at each firing rate in both muscles. EMG signals were simulated under three different conditions: independent activation of both muscles, common drive applied simultaneously to both muscles, and synchronization between the firings of motor units in both muscles.
Simulation of common drive. Experimental studies have reported common drive in the form of significant in-phase fluctuations of the firing rates of motor units in pairs of muscles during both antagonist and synergist muscle coactivation (9, 10) . It has been suggested that cross-talk estimates based on the cross-correlation of surface EMG signals may be affected by the presence of common drive to both muscles (12) . To investigate possible effects of common drive on the cross-correlation of surface EMG signals during coactivation of neighboring muscles, a 1-Hz sinusoidal term was added to the mean firing rate of all motor units in muscles A and B. The amplitude of the sinusoidal term was equal to 5%, and then 10%, of the mean firing rate of each motor unit. A delay of 34 ms was introduced between the firing rate modulation applied to the two muscles in accordance with experimental observations (9) . To examine whether the simulated common firing rate fluctuations were consistent in magnitude with those observed experimentally, the smoothed, time-varying, mean firing rates of motor units from the two muscles were correlated with one another as described in Refs. 9 and 11. The mean value of the resulting maximum mean firing rate cross-correlation, calculated from 49 pairs of simulated motor units with a common signal equal to 5% of each mean motor unit firing rate, was 0.53 Ϯ 0.10, which compares with a reported value of 0.46 Ϯ 0.10 between the firings of motor units in the extensor carpi radialis longus and the extensor carpi ulnaris, with both muscles acting synergistically (9) .
Simulation of intermuscular motor unit synchronization. To examine whether short-term synchronization can alter the cross-correlation between EMG signals recorded over different muscles, motor unit synchronization was incorporated based on the model described by Yao et al. (48) . A sequence of firing times was first generated for each active motor unit. The firing times of a proportion of randomly chosen motor units were then synchronized with a proportion of the firing times of a single reference unit. This was repeated for all motor units in muscle A, so that each served as a reference against which a proportion of the firings of a randomly selected group of motor units from muscles A and B was synchronized. The discharges of first 5% and then 10% of motor units from muscles A and B were synchronized with 5% and 10%, respectively, of the firings of each motor unit in muscle A. The amount of motor unit synchronization was quantified by using the population synchrony index (PSI) proposed by Yao et al. (48) and similarly used by Kleine et al. (26) . The PSI provides a measure of the amount of synchronization throughout the motor unit population by calculating the difference between the total number of coincident impulses and the total number of coincident impulses expected due to chance based on a Poisson distribution, before normalizing with respect to the latter number (48) . The PSI was calculated at each synchronization level by calculating the total number of coincident impulses across all active motor units in bins of 1-ms duration. Synchronization at the 5% level yielded a mean PSI value of 0.17 (SD 0.013), whereas synchronization at the 10% level yielded a mean PSI value of 0.89 (SD 0.045), averaged over 20 simulations. A PSI of 0.94 has been reported to correspond to a moderate level of synchrony for motor units within a single muscle (48). Simulated electrically elicited EMG. The surface EMG signal was examined as all motor units in a single muscle were simultaneously activated as in electrically elicited contractions. The temporal dispersion of individual motor unit action potentials due to variations in motor axon conduction velocities, terminal branch lengths, and variations in the neuromuscular delay was incorporated as variations in the distribution of the motor unit end plates and in the muscle fiber conduction velocities. It was assumed that all motor units within the muscle were activated.
Processing of Simulated Data
The choice of motor unit size, fiber diameter, and conduction velocity distributions implemented in the model is somewhat arbitrary due to the limited information available. Different motor unit distributions will alter the EMG distribution at the skin surface. For this reason, the following EMG parameters were calculated from 20 sets of simulated data, each conducted with a different set of randomly located motor units. In Figs. 2-8 , data are presented as the means of 20 simulations, whereas the mean and standard deviations are given in Table 2 .
Cross-talk index. Cross talk was defined as the RMS value of the EMG signal at each electrode, normalized with respect to the EMG RMS value directly above the center of the active muscle, during selective activation of that muscle. The RMS value of 1 s of simulated EMG data at each bipolar electrode pair was calculated and normalized with respect to the EMG signal detected at electrode 1 (Fig. 1A) .
Cross-correlation index. The raw EMG signal at each electrode was repetitively correlated with the signal at electrode 1 while the time delay was successively increased between the two signals. The cross-correlation function was normalized with respect to the autocorrelation of both signals at zero time lag (44, 46) , and the R xy was determined (Fig. 3B) . It has been proposed that the proportion of cross talk between two EMG signals is given by the R xy 2 (46) . The value of R xy 2 , which will be referred to here as the cross-correlation index, was compared with the EMG cross-talk index defined above.
Median frequency of EMG power spectrum. The power spectrum of an epoch of EMG data, 1 s in duration (2,000 samples), was calculated at each electrode location. The power spectrum was obtained by calculating the discrete Fourier transform of the autocorrelation function of the EMG signal. The median frequency of the power spectrum, defined as the frequency below which one-half of the power in the EMG signal lies, was then calculated for each simulated EMG signal.
Statistical analysis of simulation results. Mean values of groups of EMG variables, calculated from data simulated under different conditions, were subjected to a one-way ANOVA. The data were then analyzed by using a Scheffé's post hoc test to detect differences between groups. A probability of the null hypothesis being true (P) of Ͻ0.05 (P Ͻ 0.05) was taken as indicating a statistically significant difference between groups.
RESULTS
Single Active Muscle
An example of simulated surface EMG signals detected at electrodes 1, 5, and 9, with a 9-mm-thick subcutaneous fat layer and 300-mm fiber length, is presented in Fig. 3A . The amplitude of each signal has been normalized with respect to the RMS value at electrode 1. The r xy between the EMG signal detected at each electrode and the signal detected at electrode 1 is presented in Fig. 3B .
Values for EMG cross talk (normalized RMS value), the cross-correlation index (R xy 2 ), and the normalized median frequency of the EMG power spectrum are compared in Fig. 4 for three different thicknesses of fat tissue and for two different muscle fiber lengths. The amplitude of the EMG signal remained relatively constant above the active muscle fibers, decaying as the observation point was moved away from the edge of the muscle (Fig. 4, A and D) . In contrast, the R xy began to decrease once the observation point was moved away from the reference electrode (Fig. 4, B and E) . For the longer muscle fibers, the median frequency of the EMG power spectrum remained relatively constant above the active fibers, decaying as the observation point was moved above the inactive muscle tissue (Fig. 4C) . However, with the shorter fiber length, the median frequency decreased slightly as the electrodes were moved above the inactive tissue initially but then began to increase as the electrodes were moved progressively further away (Fig. 4F) . Similar results were observed when the electrodes were placed close to the end of the 300-mm fibers.
The rate at which all three variables decayed around the surface of the model decreased as the subcutaneous fat thickness increased. ANOVA confirmed a statistically significant effect of fat thickness on the RMSbased cross-talk index at all electrodes lying above the inactive muscle tissue (electrodes 8-25, Fig. 1 ; all P Ͻ 0.001). Post hoc testing revealed pairwise differences between cross-talk levels compared across all combinations of fat thicknesses at each of these electrodes, for the 100-mm fiber length. For the 300-mm fiber length, there were significant differences between cross talk with a 3-mm fat layer and both a 9-and 18-mm layer at electrode 8 and between cross-talk values for all combinations of fat thicknesses at each of the other electrodes. The effect of fat thickness on the cross-correlation index was also statistically significant at all electrodes (excluding electrode 1), regardless of fiber length (all P Ͻ 0.001), with significant differences between the values of the cross-correlation index across all paired combinations of fat thicknesses at these electrodes (Scheffé's post hoc test comparison). The means and standard deviations of the cross talk, power spectrum median frequency, and cross-correlation index at electrodes 1, 5, 9, and 13 are presented in Table 2 .
In the following sections, results are presented for a fiber length of 300 mm and a 9-mm fat layer, as similar results were also observed with shorter fibers and 3-and 18-mm-thick fat layers.
Coactivation of Adjacent Muscles
The R xy , between the EMG signal at electrode 1 and at each other electrode location, was calculated for several conditions of simultaneous activation of muscles A and B. Cross-correlation values during independent activation of both muscles and during the addition of a simultaneous common drive to both muscles are presented in Fig. 5 . Neither the activation of the second muscle nor simultaneous modulation of mean motor unit firing rates with a 1-Hz common signal had a statistically significant effect on the maximum value of the cross-correlation function (Fig. 5) .
Synchronization between the firings of motor units in the two muscles caused a substantial increase in the R xy . Simulated surface EMG signals and the normalized cross-correlation between the EMG signal detected at electrode 1 and at electrodes 5, 9, and 13 are presented in Fig. 6 for synchronization between motor units at the 5% level. The maximum value of the cross-correlation function is presented in Fig. 7 for both synchronization levels and for independent activation of both muscles.
The surface EMG signal at each electrode was examined as all motor units in muscle A were synchronously activated, similar to the electrically elicited activation of all motor units. The maximum value of the crosscorrelation of the signal detected at each electrode and that detected at electrode 1 is presented in Fig. 8 , along with the normalized RMS value.
DISCUSSION
Surface EMG Cross Talk
Surface EMG cross talk has been examined by using a multiple-layer model of an idealized cylindrical limb. The simulation results confirm that significant levels A: EMG signals detected at electrode locations 1, 5, and 9, with bipolar electrodes 20 mm apart. The subcutaneous fat layer was 9 mm thick, and the fiber length was 300 mm. The data have been normalized with respect to the EMG root-mean-square (RMS) amplitude at electrode 1. B: normalized cross-correlation (r xy) between the EMG signal detected at each electrode and that detected at electrode 1. of cross talk can be detected above inactive muscle tissue located close to an active muscle. Surface EMG cross talk increased with subcutaneous fat thickness ( Table 2 and Fig. 4, A and D) , consistent with reported experimental observations (8, 40) . Based on simulation studies of a single muscle fiber, it appears that the increase in cross talk with subcutaneous fat thickness is due to the increased distance between the source and electrode, rather than the more resistive nature of the fat tissue relative to muscle (30) .
Power Spectrum Median Frequency
The behavior of the EMG median frequency with increasing distance from the active fibers depended on the distance between the electrodes and the musculotendonous junction. The EMG signal generated by the longer muscle fibers was dominated by the propagating waveforms, the spatial filtering of which causes the median frequency to decrease as the electrode is moved farther from the active muscle (Fig. 4C) . However, with a shorter fiber length, the nontraveling muscle fiber end effects tended to dominate the signal at locations far from the source. As a result, the median frequency decreased slightly and then began to increase as the observation point was moved away from the active fibers (Fig. 4F ). This result is in agreement with a recent study by Dimitrova et al. (14) , who illustrated that action potentials from far-away motor units can be dominated by the muscle fiber end effects. Their conclusion that temporal high-pass filtering is not a suitable means of reducing cross talk is confirmed for conditions in which the muscle fiber end effects domi- nate the EMG signal. Lower center frequencies for cross-talk signals than for EMG signals from muscles below the electrodes have been reported in canine diaphragm muscles (38) . Nevertheless, the simulations indicate that spectral parameters such as the median frequency are not a robust means of distinguishing between volume-conducted signals from distant muscles and EMG signals originating in muscles beneath the electrodes.
Cross-correlation as an Estimate of Surface EMG Cross Talk
From a comparison of the cross-talk and cross-correlation indexes across all electrode sites, it is concluded that the cross-correlation function is not a suitable means of quantifying surface EMG cross talk or of distinguishing between cross talk and coactivation of neighboring muscles. Whereas the amplitude of the surface EMG signal remained relatively constant above the active muscle, the maximum value of the cross-correlation function began to decay once the observation point was moved away from the reference electrode. Furthermore, the cross-correlation index remained close to its minimum value as the surface EMG cross talk varied across a wide range of values (Fig. 4) . For example, it may be seen that, although the crosscorrelation index at electrode 9 is very low (2.2-2.5%) for the 9-mm fat layer, significant levels of cross talk The R xy between the signal at electrode 1 and at each other electrode location is presented for independent activation of both muscles (solid line) and for sinusoidal firing rate modulation (common drive) applied to all motor units, equal in magnitude to 5% (dotted line) and 10% (dashed line) of each mean motor unit firing rate. Data are presented for a 9-mm-thick fat layer and a fiber length of 300 mm. Fig. 6 . A: EMG signals detected at electrode locations 1, 5, and 9, with bipolar electrodes 20 mm apart, with both muscles active and synchronization between the firing of motor units at the 5% level. The data have been normalized with respect to the EMG RMS amplitude at electrode 1. B: r xy between the EMG signal detected at each electrode and that detected at electrode 1. The subcutaneous fat layer was 9 mm thick, and the fiber length was 300 mm. Fig. 7 . Influence of motor unit synchronization on the cross-correlation between surface EMG signals. The R xy between the EMG signal at each electrode and at electrode 1 was calculated as the motor units in muscles A and B were synchronized at the 5% (dashed line) and 10% (dotted line) synchronization levels, and for simultaneous independent activation of both muscles (solid line). Data are presented for a subcutaneous fat layer 9 mm thick and 300-mm fiber length.
(23-25%) were present ( Table 2) . A reliance on the cross-correlation index as an indicator of cross talk would lead to the erroneous conclusion that the EMG signal detected at this electrode is due to activation of the underlying muscle and contains negligible amounts of cross talk from the neighboring muscle.
The surface EMG signal during voluntary contraction may be modeled as a multiple-input, single-output linear system. It is, therefore, not possible to determine individual motor unit firing times by observing the EMG signal at a single site nor to predict the behavior of one EMG signal based on changes observed at another location when many motor units are active. The behavior of a small number of motor units may dominate the EMG signal at one electrode site, whereas the EMG signal at another site may be determined by another group of closer motor units. A low correlation was, therefore, observed between EMG signals at different electrode locations, even when both signals originated from motor units within the same muscle (Fig.  4, B and E) . The weak correlation shows that the two EMG signals are not linearly related but does not indicate whether both have originated from the same combination of electrical sources. Although it is not clear what technique may provide an alternative means of detecting cross talk, spatial filtering of the surface EMG signal using double-differential or branched electrodes has been shown to reduce cross talk in experimental studies (12, 28, 43) .
Influence of Common Drive
When two adjacent muscles were independently activated, the surface EMG signals above both remained weakly correlated, even at electrode sites at which the level of cross-contamination was high (Fig. 5) . The addition of a limited amount of common drive to both muscles did not alter the maximum value of the crosscorrelation, as the instances of motor unit firing remained unrelated, even though the mean firing rates were modulated according to a similar pattern (Fig. 5) .
Influence of Synchronization
Short-term synchronization resulted in an increase in the correlation between surface EMG signals (Figs. 6 and 7). The increased cross-correlation values are due to the combined synchronization of units within the first muscle and between units across both muscles. Introducing synchronization between the firings of motor units across the two muscles, without synchronization of the motor units within the first muscle, alters the correlation between the two surface EMG signals by very little, as the structure introduced by synchronization is no longer present in the signal detected above the first muscle. The amount of synchronization throughout the motoneuron pool, quantified using the PSI, was comparable with levels used in similar EMG models (26, 48) . The high correlation observed may indicate that these levels of synchronization are higher than what occurs experimentally. Alternatively, it may suggest that cross-correlation of surface EMG signals could be a useful indicator of synchronization between muscles where cross talk is not a contributing factor.
When the firings of all motor units are perfectly synchronized, or if a single motor unit is active, the EMG signal may be considered as a single-input, single-output system. In this case, there will be a deterministic relationship between EMG signals detected at different locations. This is reflected in the increase in the maximum value of the cross-correlation function with increasing motor unit synchronization (Fig. 7) and in the high correlation observed in the case of complete synchronization whereby all motor units fired simultaneously (Fig. 8) . Similar results would be observed if there were no variation in the action potentials detected at different electrodes from a single source, which explains the increase in the cross-correlation index with increasing subcutaneous fat thickness.
Model Parameters
Skin has been modeled as a homogeneous structure by using the conductivity for skin moistened with deionized water measured in vivo by Gabriel et al. (23) , using a coaxial probe with a penetration depth of 1-2 mm. In reality, skin is a complex, laminar structure. The dielectric properties measured represent values for composite skin that lie between the values for the highly resistive stratum corneum and the more conductive tissue of the dermis, which is significantly more hydrated and has a rich network of structures (23) . In recent simulation studies, skin has been chosen to have a higher conductivity than fat or muscle tissue (21, 26, 34) , based on observations that a highly conductive layer was necessary to explain the lateral spread of the EMG signal measured experimentally (34) . Although the effects of skin tissue are not yet fully understood, it is clear that the choice of skin conductivity affects the rate at which the EMG signal decays, which has important implications in determining cross-talk levels. A more conductive skin tissue would yield even higher estimates of EMG cross talk. The bounded nature of the volume conductor and the different conductivities of muscle, fat, skin, and bone tissue are also important factors in determining the extracellular potential, and thus cross talk, at different locations around the limb. The transmembrane action potential has been represented by a triphasic, multipole source, for which the extracellular potential decays more rapidly with increasing distance from the source than for the dipole source, which has been employed in previous cross-talk models (46) . In accordance with previous studies, it has been assumed that biological tissues behave as if they were purely resistive at the frequencies of interest. It is possible, however, that other combinations of conductivity and permittivity may yield more significant capacitive effects (42) . Inhomogeneities within each of the tissues, nonuniformity of the limb geometry, and variations in muscle fiber alignment could further alter volume conduction of the signal. Furthermore, whereas simulations indicate that bone located at the center of the generalized upper arm model has a negligible effect on the surface EMG signal, if the bone is located closer to the skin surface and to the active muscle fibers, it can cause a considerable distortion of the distribution of the EMG signal at the skin surface (30) .
Conclusion
The simulation results presented question the validity of algorithms that seek to estimate EMG cross talk based on an assumption of a linear relationship between EMG signals detected at different electrode sites. The results suggest that the cross-correlation between two EMG signals is neither a qualitative nor quantitative measure of cross talk. It is, therefore, not a suitable means of distinguishing between cross talk and coactivation of neighboring muscles. It is possible that a high correlation between two surface EMG signals recorded over separate muscles may reflect a similarity in motor unit discharge patterns, for example due to motor unit synchronization, rather than a high level of cross talk between the muscles. Similarly, a low correlation between two signals does not necessarily indicate that they have originated in separate muscles, as a weak correlation can be observed even when cross talk from adjacent muscles is high.
